The hydrolysis of Nafion ® † precursor material to a perfluorosulfonate ion exchange membrane has been studied in situ at the surface of a sample using atomic force microscopy (AFM), and in the bulk using a combination of small and wide-angle X-ray scattering. The AFM results show that there is a rapid and significant change in the surface morphology of the sample during the first 12 min after the introduction of aqueous hydroxyl ions, provided that an appropriate swelling agent is used. After this point there is little change in surface morphology, although bulk swelling of the sample continues. The wide-angle X-ray scattering results indicate a significant drop in the degree of crystallinity of fluorocarbon matrix from 14±1% to 7±1% on hydrolysis, as a result of the bulk structural reordering necessary to accommodate the formation of ionic clusters. Ionic clustering is confirmed by the appearance of a characteristic small-angle X-ray peak. However, the peak forms towards the end of the hydrolysis process, and subsequently coarsens, suggesting that the formation of ionic clusters is a slow process compared to the rate of hydrolysis. It is confirmed that an appropriate water/solvent mixture is necessary to achieve an efficient conversion of precursor to membrane. AFM images of the precursor surface, when water alone is used, show no signs of structural change.
Introduction
Perfluorinated ionomer membranes (PIMs), which consist of a polytetrafluoroethylene (PTFE) backbone with sulfonic acid groups periodically substituted along the chain, are of great commercial interest due to their utility as membrane separators in fuel cell applications. The material studied in this paper is manufactured by E. I. du Pont de Nemours and Company, under the trade name Nafion ® . There are a number of other commercially available PIMs, chemically very similar to Nafion, for example Aciplex  (manufactured by the Asahi Chemical Company) and Flemion  (manufactured by the Asahi Glass Company).
The structural repeat of the Nafion precursor is shown in Fig. 1 . The index m is usually equal to unity, and the value of n determines the ratio of polar to non-polar material in the fully hydrolysed membrane. It is conventional to characterise the membrane by its equivalent weight (EW), which is defined as the mass of dry polymer (in grams) that contains one mole of sulfonate ion exchange groups. The EW and membrane thickness are usually quoted together in an abbreviated form, e.g. Nafion 115, which has an EW of 1100 g and a thickness of 5 thousandths of an inch (127 µm).
Fig. 1. The structural repeat of the Nafion precursor
The thermoplastic precursor is completely hydrophobic and chemically inert and needs to be hydrolysed in order to become a useful ion-exchange membrane. In order to achieve this, the sulfonyl fluoride (SO 2 F) groups must be converted to sulfonic acid (SO 3 H) groups. This may be performed by base hydrolysis with an aqueous alkali metal hydroxide solution at an elevated temperature. It is found that an additional solvent, typically dimethylsulfoxide (DMSO), is required in order for hydrolysis to take place [1] . The role of the DMSO appears to be to swell the membrane and increase the reactivity of the hydroxyl ion.
The hydrolysis route using potassium hydroxide (KOH), which is the preferred base used in industry, is shown in Fig. 2 . The precursor is shown in Fig. 2a , and on the introduction of the KOH solution the fluorine atom is substituted by the nucleophilic OH -group (Fig. 2b) . The H + ion is then exchanged electrophilically for a K + ion (Fig.  2c ) and a hydration sphere of water molecules forms around the cation (Fig. 2d ) resulting in the K + form of the membrane. Once the outer layer of the membrane has been hydrolysed, it is swollen by the water/solvent mixture, allowing the ingress of the OH -and K + ions, which hydrolyses the next layer of SO 2 F groups in a diffusion controlled process.
The salt form of the membrane can, in turn, be ion-exchanged to the acid form, using a mixture of nitric or sulfuric acid and de-ionized water. At 75°C complete hydrolysis of a 127 µm thick membrane results after about 90 min, i.e. a rate of about 1.3 µm per minute. At 25°C, the same process takes approximately 48 h [2, 3] . Fig. 2 . The mechanism of hydrolysis of the Nafion precursor (a) to the K + cation form of Nafion (d) according to the method described in the Du Pont patent [1] After the hydrolysis reaction is complete, the final membrane exhibits a small angle X-ray scattering (SAXS) peak [4] [5] [6] which is generally attributed to the microscopic phase separation of aqueous ionic material from the fluorocarbon matrix. For a review of the various microstructural models for Nafion proposed to date, see refs [7] and [8] . Recently, some of the present authors presented a maximum entropy interpretation of the SAXS data from Nafion membranes as a function of hydration which suggested that the scattering peak is produced by the interference of spatially coherent clusters of ionic material and water [9, 10] . Similar conclusions were reached by Gebel and coworkers on the basis of a local order model [11, 12] .
The SAXS peak is wholly absent in the precursor, as the material is completely homogeneous and contains no water. Thus, the intensity of the SAXS peak might be useful as a measure of the extent of the hydrolysis reaction taking place. This point will be discussed further below. There are also changes in the wide angle X-ray diffraction (WAXD) pattern as the degree of crystallinity of the fluorocarbon backbone is significantly reduced during hydrolysis.
In this paper, a combination of X-ray measurements and atomic force microscopy (AFM) have been used to study Nafion samples at different stages during the hydrolysis process. Using these complementary techniques, it is possible to observe the structural organisation of Nafion both in the bulk and at the surface of the sample, allowing new insights to be gained into the structural changes taking place during the conversion to a functional ion-exchange membrane.
Experimental method

Wide and small angle X-ray diffraction
Samples of Nafion 1100 EW precursor resin were hydrolysed at 75°C, as described in the Introduction. Due to the time required to collect a diffraction pattern, it was necessary to carry out WAXD and SAXS experiments on quenched samples, in which the hydrolysis reaction was arrested by neutralisation in a weak acid. Samples were prepared in which hydrolysis was stopped 30 min and 1, 2, 4, and 12 h after initiation.
All X-ray measurements were performed using an Elliott GX21 rotating anode generator with nickel-filtered Cu K α radiation. Two dimensional, point collimated X-ray scattering data were collected using a flat plate Rigaku-Denki camera for the SAXS measurements and a Siemens X-1000 Area Detector for the WAXD measurements. Films from the Rigaku-Denki camera were scanned in transmission using an Optronics P2000 drum densitometer. The resulting images had a pixel dimension of 100 µm square. The low-angle limit due to beam divergence was approximately 2.6 × 10 -3 Å -1 , which corresponds to a maximum discernible feature size in real space of around 400 Å. The 2-dimensional X-ray patterns were azimuthally integrated to obtain 1-dimensional traces, and Lorentz-polarisation and absorption corrections were applied. The degree of crystallinity was estimated from the WAXD patterns using a double Gaussian curve fit to the data.
Atomic force microscopy
In-situ AFM images were obtained of the surface of a Nafion 1100 EW precursor sample, at various stages during the hydrolysis process. The experiments were performed using a Digital Instruments Dimension 3100 AFM in liquid tapping mode. There are two principle modes of AFM operation: contact mode and tapping mode [13] . In contact mode, the tip remains in close contact with the sample, operating within the repulsive regime. In tapping mode, the cantilever is oscillated above the surface, close to its resonant frequency, only contacting the surface briefly during each cycle of oscillation. Tapping mode is therefore more suitable for imaging delicate samples than contact mode, as a consequence of the lower lateral forces that are placed on the sample surface. Tapping mode has been applied successfully to the study of many polymer systems [14] [15] [16] , and, in particular, to Nafion membranes [17, 18] . The ability to operate the AFM with the cantilever immersed in a liquid, makes the instrument ideal for an in-situ study, such as is described below.
A circular Nafion precursor sample, 10 mm in diameter, was mounted inside a 2 cm circular plastic sample box, and covered by 200 µl of water. 20 µl of aqueous 3M KOH was then added to the water using a micropipette and AFM images were obtained approximately every four minutes for a total of 50 min. The extent of hydrolysis of the surface of the sample was determined by staining with methylene blue solution. The same procedure was repeated, with a fresh sample of Nafion precursor, using 20 µl of the full hydrolysis mixture in place of the KOH. The experiments were performed at ambient temperature. Fig. 3 shows the WAXD patterns from conventionally extruded 1100 EW precursor resin, quenched at various points in the hydrolysis process. The data show that the crystalline shoulder of the fluorocarbon reflection becomes visually indistinguishable from the amorphous halo approximately two hours after the commencement of hydrolysis. There is then little further change in the diffraction patterns. Although the WAXD peaks in Fig. 3 are very broad, it is possible to separate them into crystalline and amorphous components by fitting the data to a double Gaussian function, using a non-linear least-squares regression analysis. This technique is very similar to the treatment of Fujimara et al. [6] in which similar results are obtained for membranes of varying equivalent weight and cation form. The peak positions for the two components are given directly from the Gaussian fit. The crystallinities were estimated by taking the ratio of the integrated peak areas of the crystalline and amorphous peaks, again following ref. [6] . The degree of crystallinity is estimated to be 14±1% in the precursor material, dropping to 7±1% when hydrolysis is complete. The gradual drop in crystallinity is consistent with the idea of a hydrolysis front moving through the precursor, swelling and disrupting the fluorocarbon matrix as it goes. This type of behaviour was indicated by previous experiments using fluorescence microscopy [3] . The observed WAXD patterns can therefore be interpreted as a weighted sum of the patterns from precursor and membrane, with the interfacial layer being too thin to be directly observed. The overall drop in intensity of the traces during hydrolysis is most probably due to the increase in absorption of the samples, as the content of potassium ions increases. This masks any increase in amorphous intensity that might be expected as the degree of crystallinity is reduced. Fig. 3 . WAXD patterns from samples of partially hydrolysed Nafion 115 precursor. Hydrolysis took place at 75°C, and was arrested 30 min, 1, 2, 4, and 12 h after initiation
Results and discussion
X-ray scattering
The SAXS patterns from the partially hydrolysed samples also reveal a continuous change from precursor to membrane, inferred from the gradual appearance of the characteristic 'cluster' reflection with increasing hydrolysis time (see Fig. 4 ). The exact structure of the ionic clusters is still a matter for debate, and a more detailed discussion is given in refs. [4, 5, 9, 10, 18] . However, it is almost unanimously thought that the small-angle cluster reflection is due to the aggregation of polar sulfonic acid residues, water (majority component) and cationic material in the fluorocarbon matrix. The contrast is then due to the difference in density between fluoropolymer and water.
Close examination of the data indicates that the cluster reflection appears towards the end of the hydrolysis process, i.e. between 1 and 2 h after hydrolysis commences, and that the microstructure then coarsens over the following 10 h. When the SAXS peak first appears, it corresponds to a Bragg spacing of c. 34 Å , which increases slightly to a final value of c. 35 Å. This is consistent with previously published data for Nafion [4] [5] [6] [9] [10] [11] . Therefore it appears that the formation of ionic clusters in the newly converted membrane is a slow process, which continues long after the hydrolysis front has passed through the material. A further consequence of this is that the intensity of the cluster reflection cannot be used to measure the extent of hydrolysis, although its presence is a clear indication that hydrolysis has taken place. It is to be assumed that the quenching process, used to arrest hydrolysis, also inhibits further microstructural development. 6 shows a similar set of AFM images obtained from the surface of a Nafion precursor in contact with the full hydrolysis mixture discussed above. The images have been plotted on the same scale to aid comparison with the images in Fig. 5 . It is clear from Fig. 6 that, after the introduction of the hydrolysis mixture, there is a rapid initial change in the surface morphology of the membrane, which results in the formation of a number of swollen structures. These may be seen by comparing the image taken after 12 min (Fig. 6c) with the initial image (Fig. 6a) . No further changes are seen in the surface morphology after this time, despite continuing contact with the hydrolysis mixture. Any minor differences observed between Figs. 6c-f can be attributed to the effects of instrumental drift. After 50 min, the membrane was treated with methylene blue indicator. Staining was observed, which suggested that hydrolysis of the surface layer, at least, had occurred. The profound change in microstructure observed during hydrolysis is in contrast to that found in pure swelling experiments which result in a simple, if nonlinear, expansion of the surface features [18] .
A more quantitative analysis of the images from Fig. 6 is given in Fig. 7 , which shows the distributions of heights found in each case. The distributions are offset, so that the origin of each corresponds to the minimum height in the image. This allows us to separate the effect of structural inhomogeneities, which broaden the distribution, from bulk swelling, which merely shifts the distribution to greater heights. There is a clear difference in the height distribution before and after the introduction of the hydrolysis mixture, with a rapid increase in width between zero and twelve minutes, followed by little further change for the subsequent 38 min. The apparent roughening of the surface, suggested by the change in distribution shape, appears to be related to the coarsening of the microstructure observed in Fig. 6 . The behaviour observed during the in situ AFM measurements is consistent, once again, with the motion of a hydrolysis front through the Nafion precursor sample. During the first 12 min, hydrolysis of the upper surface of the sample occurs, leading to the changes observed in the AFM. Once the top surface has become hydrolysed and swollen, the hydrolysis front moves down into the sample, and no further change is visible. However, the progress of the hydrolysis may nevertheless be followed in the AFM, because the gradual swelling of the membrane necessitates a change in height of the cantilever, as subsequent images are obtained.
During the first twelve minutes of hydrolysis, the rate of swelling of the membrane was approximately 2 nm per minute. This is slower than the figure of 43 nm per minute quoted for hydrolysis at 25 o C [2, 3] , because the hydrolysis mixture was diluted by a factor of ten in the AFM experiments. In fact, the rate of hydrolysis at the surface should be appreciably faster than the bulk rate, because the process will not be diffusion limited to the same extent that it is in the bulk. It is worth noting that, had the experiment taken place at the normal hydrolysis temperature (75°C), the reaction would have preceded too quickly to have been observable in the AFM.
Conclusions
X-ray scattering studies of partially hydrolysed Nafion precursor samples have allowed structural changes to be observed within the bulk of the material, and reveal a continuous transition between the precursor and the fully hydrolysed membrane. WAXD studies reveal a gradual reduction in the crystallinity of the fluorocarbon matrix which is believed to be a consequence of the swelling that occurs as the hydrolysis front moves through the sample. The characteristic small-angle 'cluster' reflection also appears progressively, but it is first seen when hydrolysis is well advanced, and continues to develop for several hours after hydrolysis is complete, suggesting that the formation of ionic clusters is a slow process, not directly related to the motion of the hydrolysis front, but facilitated by the extra mobility brought about by the presence of the hydrolysis mixture. Therefore, the growth in intensity of the cluster reflection is not a reliable guide to the extent of hydrolysis in the Nafion precursor.
The AFM experiments provide results which complement the X-ray data, and provide additional insights into the hydrolysis process. The AFM is, by design, only sensitive to the structure at the surface of the sample. However, the surface structure of the Nafion membrane is of considerable relevance, since, in many of its applications as an ion exchange membrane, including the electrolysis of sodium chloride brine for which it was originally developed, the ion selectivity process at the surface plays an important part in the overall functioning of the membrane separator.
The ability of the AFM to perform measurements in situ is of great value, as it allows dynamic processes to be followed in real time. With the hydrolysis conditions used, clear structural changes, involving a coarsening and roughening of the microstructure on a sub-micron scale, were observed as the surface of the sample was hydrolysed. Furthermore, the necessity for a co-solvent was confirmed, in that no structural changes were observed when aqueous KOH alone was used as the hydrolysis agent.
Both the wide-angle X-ray measurements, and the AFM images, provide evidence in support of the hypothesis that a hydrolysis front moves progressively through the Nafion precursor during the hydrolysis process [2, 3] . The results shown in this paper were obtained from samples with a single equivalent weight (1100 g). However, we would not expect to observe qualitatively different behaviour for samples with a different proportion of polar to non-polar material.
